Purpose. Despite being in clinical use for decades, colistin susceptibility testing remains challenging because of its inherent cationic properties. We aimed to compare the performance characteristics of different methods for testing susceptibility to colistin in a series of clinical isolates of Gram-negative bacilli.
INTRODUCTION
Polymyxin antibiotics (polymyxin B and colistin) are among the few antimicrobial agents that retain activity against many problematic extensively drug resistant Gram-negative bacilli (XDR-GNB) and are often considered as the last line of defence against infections caused by these superbugs [1, 2] . As bactericidal cationic antimicrobial peptides, polymyxins exert their antibacterial effect mainly by disruption of the outer membrane in GNB [3, 4] . Recent more widespread use of colistin in clinical settings has increased the inevitable risk of emerging resistance, which is known to be mainly mediated by chemical modification or complete loss of the antibiotic target, lipopolysaccharide. The recent emergence of plasmidencoded colistin resistance genes mrc-1 to mcr-5 in Enterobacteriaceae poses a significant threat to infection control programmes due to ability to be transferred among strains and species [5] [6] [7] [8] [9] . Despite being in clinical use for decades, polymyxin susceptibility testing is still considered challenging [10] . Due to its cationic nature and large molecular size, colistin MIC determination is influenced by several different factors [10, 11] . It has been demonstrated that diffusion-based methods (disc diffusion and gradient diffusion) yield a significant level of assay error [12] [13] [14] . Therefore, methods based on dilution, rather than diffusion, are recommended to determine bacterial susceptibility to colistin. In 2016, a CLSI-EUCAST working group recommended broth microdilution (BMID) for colistin MIC determination (http://www.eucast. org/fileadmin/src/media/PDFs/EUCAST_files/General_docu-ments/Recommendations_for_MIC_determination_of_colis-tin_March_2016.pdf), indicating that the assay should be performed using the sulfate salt of colistin, in plain polystyrene trays and without the addition of surfactants such as polysorbate-80 (P-80). This surfactant had previously been recommended by the CLSI to mitigate non-specific binding of cationic pylomyxins to negatively charged polystyrene surfaces, which causes a reduction in the actual concentration of available polymyxin. The current recommendation was made due to concerns that P-80 could act in a synergistic manner with polymyxins and yield artificially lower MIC values [15, 16] . Agar dilution has also been recognized as a reliable method in several studies, where it was found to have very good agreement with BMID [17] [18] [19] . Despite the disc diffusion (DD) method not being recommended for colistin susceptibility testing, we also compared the results of DD using two different commercial disc sources, as this approach may be practical, in a situation of increasing global colistin resistance, for countries with limited resources to perform the ideal standardized test or a reliable commercial microdilution assay. In the current work we compared the most common methods used in resource-limited settings for testing the susceptibility of colistin in different clinically relevant GNB.
METHODS

Bacterial isolates
A total of 109 GNB -Klebsiella pneumoniae (34 isolates), Escherichia coli (20 isolates), Acinetobacter baumannii (17 isolates) and Pseudomonas aeruginosa (38 isolates) -were included in this study. Some of K. pneumoniae and A. baumannii isolates included in the current work were studied in our previous works [20, 21] to determine the molecular determinants of colistin resistance. The isolates were obtained from separate patients hospitalized at Imam Khomeini Hospital, the largest medical centre in Iran, and were identified by microscopic examination and conventional biochemical tests (oxidase, MR-VP, urease production, lysine decarboxylase, oxidation fermentation (OF), hydrogen sulfide and indole production, motility, citrate utilization tests and characteristics on TSI medium) [22] . Also, detection of the bla OXA-51-like carbapenemase gene by PCR was performed for species-level identification of A. baumannii isolates [23] . All K. penumoniae and E. coli isolates were screened for the presence of plasmid-encoded colistin resistance genes mcr-1, mcr-2, mcr-3 and mcr-4 by PCR as described previously [5] [6] [7] [8] .
Phenotypic drug susceptibility testing Disc diffusion Disc diffusion (DD) testing was performed using Neo-Sensitabs tablets (Rosco, Taastrup, Denmark) and filter paper discs (BBL Sensi-Disc, Becton Dickinson, Sparks, MD) containing 10 µg colistin. A suspension of the organism to be tested was prepared by suspending colonies from an overnight culture in sterile saline. The density of the suspension was measured with an Eppendorf Biophotometer and adjusted to an OD 600 of 0.08 (equivalent to the turbidity of a 0.5 McFarland standard). The inoculum was spread evenly over the entire surface of Mueller-Hinton agar plates. Colistin-containing discs were dispensed onto the surfaces of inoculated plates, which were incubated in air at 37 C for 16-20 h.
Despite being known as a non-reliable method for testing of susceptibility to colistin, our main goal in performing DD assay was to evaluate its efficacy in the detection of highlevel colistin resistant cases (MIC!128 mg l
À1
). However, since no interpretation criteria were available from CLSI 2017 or EUCAST, we arbitrarily referred to CLSI 2016 previous break-points (provided for P. aeruginosa) for interpretation of data obtained by BBL paper discs where a disc inhibition zone of 10 or !11 mm was considered indicative of colistin resistance or susceptibility, respectively. Also in the case of Neo-Sensitabs, which are larger, the Rosco Diagnostica user's guide for Neo-Sensitabs, 2013, was used for data interpretation according to which, isolates showing an inhibition zone of !15 or <15 mm were considered as susceptible or non-susceptible respectively.
Broth microdilution and broth macrodilution
Broth microdilution and broth macrodilution (BMAD) were performed in untreated round-bottom polystyrene microplates and glass tubes, respectively. A 100 mg ml À1 stock solution of colistin sulfate (Sigma-Aldrich) was prepared fresh in sterile deionized water. Twofold dilutions of colistin concentrations ranging from 0.06 to 128 mg l
À1
were prepared in cation-adjusted Mueller-Hinton broth (CA-MHB; Becton Dickinson, Sparks, MD). No surfactant was utilized in performing BMID, as recommended by the CLSI-EUCAST working group. To reduce colistin loss through contact with the unexposed pipette tip during the preparation of each series of dilutions in broth media, we did not change the pipette tip. Also, instead of preparing the highest antibiotic concentration in another microtube and then transferring it to the wells of a microtitre plate or glass tubes, we prepared it directly in the wells of the microtitre plates/glass tubes to diminish colistin loss. A bacterial suspension with an OD 600 of 0.08 was prepared and then diluted 1 : 100 in CA-MHB, followed by the transfer of 80 µl or 1 ml of this suspension to 96-well microplates or glass tubes containing the same volume of twofold dilutions of colistin, respectively. Microplates and tubes were incubated in air at 37 C for 16-20 h. MICs were recorded as the lowest concentration of the agent that inhibited visible growth of the tested isolate as judged by the naked eye.
Agar dilution
From 100 mg ml À1 stock solution of colistin, 10, 1.0 and 0.1 mg l À1 working solutions were prepared and added to molten sterile MH agar (containing 15 g l À1 agar) to provide concentrations ranging from 0.06 to 128 mg l À1 according to a method described previously [24] . A 1 : 20 dilution of bacterial suspension with a density of 0.5 McFarland was prepared in sterile saline. Two microlitres of the suspension were applied on MHA containing antibiotic to yield a final inoculum of~10 4 c.f.u. per spot. The inoculum spots were allowed to dry at room temperature before inverting the plates for incubation in air at 37 C for 18-20 h. MICs were recorded as the lowest concentration of the agent that inhibited visible growth of the tested isolate, disregarding the growth of a single colony or faint film caused by the inoculum.
For MIC determination, a susceptible breakpoint of 2 mg l À1 and a resistant breakpoint of >2 g ml À1 were used for Enterobacteriaceae, Acinetobacter sp. and P. aeruginosa isolates according to EUCAST guidelines (http://www.eucast. org/). Isolates for which a genotypic antimicrobial susceptibility testing (AST) profile was available [20, 21] were used as indicators for evaluating the accuracy of an AST method. Colistin-susceptible P. aeruginosa ATCC27853 and E. coli ATCC25922 were used as quality control for antimicrobial susceptibility testing.
Interpretation of results and data analysis BMID was used as the reference method according to the joint CLSI-EUCAST recommendations. A very major error (VME) denoted a false-susceptible result (number of false-susceptible results divided by the total number of resistant strains as determined by the reference method), whereas a major error (ME) was defined as a false-resistance result (number of false-resistant results divided by the total number of susceptible strains as determined by the reference method). Essential agreement (EA) was calculated for MIC methods by determining the number of test results that were within ±1 doubling dilution of the MIC determined by the reference method. Categorical agreement (CA) denoted as the number of tests with correct susceptibility categorization. According to ISO 20776-2 and FDA guidelines, a !90 % level of essential or categorical agreement and VME and ME 3 % were considered indicative of acceptable performance for each test method [25, 26] . . According to this finding, E. coli was determined to be the bacterium most vulnerable to colistin followed by A. baumannii, K. pneumoniae and P. aeruginosa, which presented the highest MIC values among ColS isolates.
RESULTS
Among
While acceptable EA and CA were observed between the reference and BMAD methods (100 %) (Table 3) , the AD method revealed the lowest rate of EA among the methods tested (61.7, 11.7, 5.0 and 5.2 % for K. pneumoniae, A. baumannii, E. coli and P. aeruginosa, respectively). The MICs obtained by AD tended to be higher than those obtained by the reference BMID method, resulting in some major errors that were false-resistant results, notably in the case of P. aeruginosa. All ColS isolates revealed MICs ranging from 1 to 2 mg l À1 , except for all P. aeruginosa and two A. baumannii isolates whose values ranged from 4 to 16 mg l À1 and 4 mg l
À1
, respectively. However, this method revealed an acceptable or near-acceptable CA according to the reference method when used for K. pneumoniae (100 %), E. coli (100 %) and A. baumannii (88.2 %) isolates, but not for P. aeruginosa (13.1 %). Indeed, all ColS P. aeruginosa isolates were categorized as resistant using this method. No VME was observed for AD (Table 3) .
Disc diffusion performed using both discs was unable to detect resistance in ColR P. aeruginosa (n=5), resulting in VME of 100 % (for these isolates). However, 75 % (6/8) of ColR K. pneumoniae and 100 % (2/2) of A. baumannii isolates with MICs of >128 mg l À1 were characterized with no zone of inhibition at all using both discs, and the remaining ColR K. pneumoniae isolates had a diminished zone diameter of 10 mm [(by BBL paper discs), 8 mm (n=1, MIC>128 mg l À1 ), 9 mm (n=1, MIC>128 mg l À1 ) and 10 mm (n=6, MICs=128, 32, 4 mg l )], all being correctly categorized as resistant. While all ColS isolates (n=88) were correctly categorized as susceptible by BBL paper discs, revealing a zone of inhibition diameter !12 mm (12-17 mm), three ColS K. pneumoniae isolates were falsely categorized as resistant by ROSCO tablets (inhibition zone 14.0-14.5 mm) (ME=3.4 %) ( Table 3) . 
DISCUSSION
Polymixins are gaining interest due to the increasing emergence of difficult-to-treat Gram-negative 'superbugs' and the paucity of novel marketed antibiotics. The increasing use of polymyxins necessitates the availability of reliable methods to test susceptibility to this group of last-hope antibiotics. BMID remains the reference susceptibility test method recommended by both CLSI and EUCAST. The material used to manufacture the microtitre plates used for BMID has been shown to significantly influence MIC results, as cationic agents such as colistin tend to bind nonspecifically to the wells of these plates [16, 24] . The extent of adsorption, which is proportionally higher at lower colistin concentrations, depends upon the nature and treatment of the plastic used in the manufacturing process [16] . Karvanen et al. recently demonstrated that colistin is extensively lost under normal experimental conditions in a strong concentration-and material-dependent manner. Marked adsorption of colistin to polystyrene was discovered, followed by glass and polypropylene, and these findings discouraged the use of polystyrene in experimental settings [27] . These authors also mentioned the pipette tips asa further potential source of colistin loss due to adsorption, and recommended minimizing the number of steps in which the diluents come in contact with previously unexposed materials. It is also very important to use polystyrene plates that have had no surface treatment, otherwise this will result in four-to eightfold higher MICs for colistin when tested with certain strains, most notably those with low MIC values ( 2 mg l À1 ) [28] . As was found in other studies, the BMAD method, performed in glass tubes to which colistin adsorption is believed to be less extensive [29] , showed the lowest MIC values and had excellent concordance with the reference method. Although agar dilution may avoid adsorption of colistin to plates, to date no study has investigated polymyxin concentrations in agar dilution plates to confirm this hypothesis. In the current study, AD generated higher MIC values compared to broth dilution methods resulting in unacceptable EA. However, acceptable or near-acceptable CA was observed between AD and the reference method when the former method was used for AST in E. coli, K. penumoniae and A. baumannii isolates. In contrast, AD revealed significantly higher MIC values in P. aeruginosa isolates yielding unacceptable CA (13.1 %) and EA (5.2 %) for these isolates, and the correlation between the two methods appeared to be unsatisfactory. Other studies have also observed a trend toward higher MICs for AD compared to BMID [30, 31] . Similarly, Dafopoulou et al. found that AD generated rather low EA rates and tended to produce colistin MICs which were 1-2 log 2 dilutions higher than those determined by BMID [32] . Several studies have found that the DD test is an unreliable method f detecting colistin resistance [12, 18] , and this resulted in the removal of data on DD breakpoints for polymyxins from the CLSI 2017 guidelines. While DD performed using both commercially available discs showed an unacceptable VME of 100 % in the case of P. aeruginosa, it was characterized by acceptable VME (0 %) in the case of K. penumoniae and A. baumannii isolates, categorizing all ColR isolates for these bacterial groups as non-susceptible. These data were obtained by referring to either the CLSI 2016 previous susceptibility breakpoint for colistin BBL discs (resistant, 10 mm) or to criteria proposed by the manufacturer of ROSCO tablets. Therefore, despite the unacceptable performance of DD in detecting colistin resistance in P. aeruginosa it may have the capacity to detect isolates with high colistin resistance levels (>128 mg l
À1
) and should not be completely abandoned for colistin susceptibility testing. However, due to its errorprone nature, notably in the detection of-low level colistin resistance, all DD-derived colistin-susceptible results (or those with a zone of inhibition around the disc) must be always confirmed with a (MIC)-dilution-based method.
In summary, we found the broth dilution method, performed in glass tubes, to be a very reliable method for colistin susceptibility testing. As has previously been demonstrated, the issue of colistin adsorption is less important when using glass tubes as compared to polystyrene microtitre plates. Also, the AD method yielded higher MIC NA, not applicable; S, susceptible; R, resistant. VME, very major errors; ME, major errors; EA, essential agreement; CA, categorical agreement.
values for P. aeruginosa and should not be used for AST in these isolates. Although DD has remained as an unreliable susceptibility testing method for detecting polymyxin resistance, particularly in P. aeruginosa, it was able to detect resistance in all of the K. pneumoniae and A. baumannii isolates with a high level of colistin resistance. Therefore, it may be reconsidered at least as a preliminary screening method for detection of high-level resistant cases. Re-evaluation is required of the methods available to address the numerous technical challenges associated with colistin susceptibility testing, and to determine which method yields the most meaningful results. These studies will provide critical information on the appropriate selection of colistin therapy, as well as evaluating novel and upcoming compounds with structure and properties similar to the polymyxins.
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